A new sensor based on symmetrical split ring resonator (SSRR) functioning at microwave frequencies has been proposed in order to detect and characterize the properties of the materials. This sensor is based on perturbation theory, in which the dielectric properties of the material affect the quality factor and resonance frequency of the microwave resonator. Conventionally, coaxial cavity, waveguide, dielectric resonator techniques have been used for characterizing materials. However, these techniques are often large, and expensive to build, which restricts their use in many important applications. Thus, the proposed bio-sensing technique presents advantages such as high measurement sensitivity (around 400 Q-factor) with the capability of suppressing undesired harmonic spurious and permits potentially material characterization and determination. Hence, using a specific experimental methodology, tests performed have demonstrated the biosensor ability to characterize at least four references materials with known permittivity (Air, Roger Duriod RT 5880, Roger Duriod RT 4530, FR4) and one material with unknown permittivity (Beef). Accordingly, the numerically established relations are experimentally verified for these reference materials and the results indicated that the average estimation error of measuring the permittivity was 2.56 % at resonant of around 2.2 GHz. The proposed design is useful for various applications such as food industry, medicine, pharmacy, biosensing and quality control.
INTRODUCTION
Extracting significant information related to the configuration and the quality of the material properties has received a considerable interest over the past few years. The standard permittivity in materials has different molecular structures respond when external RF electric field is applied in different forms. For this reason, the response of any microwave planar sensor is significantly influenced by the dielectric properties of materials used in the substrate and each tested material demonstrates a unique complex permittivity in the RF and microwave frequency range [1] , [2] . The material characterization based on their complex permittivity has applications in various fields such as food industry, quality control, agriculture, bio-sensing, medicine and pharmaceutical industry [3] - [7] . However, the determination of accurate measurement for complex permittivity of materials is quite challenging task in the field of RF and microwave engineering [8] , [9] . Many techniques has been developed for material characterization in various frequency bands which includes transmission-line, free-space [10] , [11] , nearfield sensors [12] - [14] , resonant cavity methods [15] , [16] , and planar resonator techniques [6] , [17] - [19] .
The resonant cavity methods are generally more accurate for low loss material under test (MUT) compared to other techniques. The conventional waveguide resonant cavity technique is used to characterize the samples of materials under range of microwave frequency band [9] , [20] . However, it has the disadvantage of difficulty during the fabrication process due to its kind of cavities. Furthermore, for complex permittivity measurement, the metal waveguide has to be filled with the test material entirely to the volume of the waveguide which leads to significant attenuation of electromagnetic waves. Thus, dimensions of the waveguide have an effect on the sensitivity of complex permittivity measurement.
Recently, the resonant sensors based on planar microstrip has been used to determine and characterize the properties of the materials [19] . This is due to their advantages of having low cost, compact in size, being non-invasive, portability, and ease in sample preparation. However, most of them are suffering from low sensitivity with poor Q-factor which restricts their use in some applications.
Therefore, a high Q-factor resonator sensor based on a symmetrical split ring resonator (SSRR) has been proposed for detecting and determining the properties of the materials. This SSRR has a very narrow bandwidth of the transmitted signals which increase the Q-factor. The standards solids samples with known and unknown permittivity has been tested and measured by using the proposed technique and then compared with existing sensors. Furthermore, the behavior of a symmetrical split ring resonator (SSRR) as a sensor for determining and detecting the properties of the materials is numerically and experimentally analyzed using High Frequency Structural Simulator (HFSS-15). It is believed that the proposed technique is suitable for various industry applications such as food industry, bio-sensing, quality control, agriculture, medicine and pharmaceutical industries.
SENSOR DESIGN AND THEORETICAL ANALYSIS OF PERMITTIVITY EXTRACTION
The configuration and design parameters of SSRR structure are demonstrated in figure 1 (a). Roger corporation® RT/Duroid 5880 was used with substrate thickness of 0.787 mm, loss tangent of 0.0009, and permittivity of 2.20. It has a copper thickness of 17.5 µ. A cross-sectional dimension of 68 mm x 100 mm, (Wg, Lg) respectively, is used to model the proposed sensor with a main radius of 15.85 mm (r) and 0.37 mm (g) gap between the ring and feed-lines. The proposed sensor is modelled in the High Frequency Structural Simulator (HFSS), and the simulation is carried out to obtain the two-ports scattering parameters in the specified frequency band. The design structure of SSRR has an outer ring of 17.1 mm (Ro) and inner ring of 14.6 mm (Ri) in the outer ring of SSRR, and an outer ring of 12.1 mm (R1) and inner ring of 9.6 mm (R2) in the inner ring of SSRR. It can be considered to be simple LC circuit with a response frequency fr, using the following equation [9] , [21] .
Where, fr is the SSRR resonant frequency, Lr and Cr are the inductance and capacitance associated with SSRR, respectively, Cs is the capacitance between the ground plane and microstrip-line. The Cs and Lr is always considered as constant due to the material under test (MUT) which is usually non-magnetic and a constant permittivity used in the substrate of the proposed sensor.
The resonance frequency change is dependent on interaction between the material under test (MUT) and the electric field of the planar sensor. This interaction makes the MUT perturbs the field distribution which causes a reduction in the resonant frequency as well as reduction in Q-factor. This happens due to the real part and imaginary part of the material permittivity. The variation of resonant frequency is based on the MUT that has different permittivity and properties. The SSRR sensor can detect and characterize the equivalent permittivity and the properties of the materials by analyzing the change of resonant frequency. The proposed sensor is fabricated on the Roger RT/Duroid 5880 substrate as indicated in figure 1 (b) . The MUT having a rectangular cross section is placed on the maximum electric filed region above the resonator sensor as indicated in [19] , [22] , and the proposed sensor is connected to Agilent Vector Network Analyzer (VNA) through tow-ports SMA connectors which shown in figure 1 (c) . A calibration using Calibration Kit Agilent was used to calibrate the two-ports of VNA. The solid sample is placed on the top of the sensor which leads to change the resonant frequency. The change of the resonant frequency for each solid sample is recorded which is demonstrated in figure 5 . The permittivity of the sample is then extracted from all the tested materials using the derived numerical model (2) by means of the measured frequency.
RESULTS AND DISCUSSION
From figure 2 (c), it can be observed that the Q-factor in the SSRR sensor has low value at 2.26 GHz operating frequency compared to the other harmonic resonant frequencies before the optimization was made. Due to the fact of the effect of coupling loss (gap between the ring and the feed lines), an optimization was done in order to produce a maximum field distribution of the operating frequency and provides minimum insertion loss and resonating frequency shift [ Figure 2 (b) ]. A comparison before and after optimization of the proposed sensor is indicated in table 1. It demonstrates that the SSRR sensor has achieved a high Q-factor around 407.34 at the operating frequency with the less insertion loss after optimization was made. This is due to the fact that the gap has a significant effect on determination of the dielectric properties. Another reason is that the field of microstrip ring resonator is noticeably disturbed with a small coupling gap while in larger coupling gap size, it has less disturbance with high losses in the coupling gap region. Thus, the variations of the coupling gaps were evaluated using a gap size of 0.15 to 0.35 mm as indicated in figure 2 (a) . The simulation and measurement of transmission coefficient results are demonstrated in figure 3 . The obtained operating frequency from the simulation is found in a very good agreement with the measurement result. It obviously illustrates that the proposed sensor has narrower band and sharper dip which reveals its high Q nature compared to other structures. Furthermore, the results demonstrate some small deviations between the simulation and measurement. Therefore, the measured resonance frequencies are slightly shifted from the simulation and the insertion loss magnitude is lower than simulated one. The reason behind this is because of the mismatch between the feed-lines and SMA Gap Size [um] connectors, and also the tolerance of fabrications which limits in simulation accuracy. Table 2 summarizes a comparison of the simulated and measured responses between the existing sensor and the proposed SSRR sensor. From the results, it can be concluded that proposed sensor has higher Qfactor with low insertion loss compared to other sensors in [23] . A various dielectric samples from 1 to 10 were loaded and simulated in the proposed SSRR sensor in order to visualize the design of sensing applications. Figure 4 demonstrates the resonance frequency which is shifted down accordingly when the value of the dielectric constant of the sample is increased. The reason why the frequency shifts down is because of the high capacitance particularly when placing the dielectric material which basically interacts with the electric field of the sensor. Moreover, this can be proved by Equation (1), which is increasing the capacitance that will produce a low resonance frequency. The shifts of resonance frequency are considered as data which are related to the permittivity of the MUT (ɛ). Thus, an expression for the relationship between the permittivity, ɛ and frequency, f of the MUT is required. This expression can be modeled by using curve fitting method based on the data presented in figure 4 and the polynomial presented in the figure is obtained as follows: Various samples were used in order to validate the proposed SSRR sensor and estimate their potential of dielectric detecting and sensing. These samples are FR4, Duriod RT 5880, Air, and Duriod RT 4530 and they were placed on the maximum E-field area of the sensor. The electric field interacts with these samples which caused shifting in the resonant frequency. For the conducted experiment, the resonance frequency is shifted to lower frequency and it is directly proportional to the permittivity of the dielectric MUT.
Four MUT such as Air, Duriod RT 5880, Duriod RT 4530 and FR4 were used as calibration samples since their dielectric constant is well known, in order to observe the changes in resonant frequency and the relation to the permittivity of materials. Thus, the materials with unknown permittivity can be extracted. Figure 5 demonstrates the changes of resonant frequency for the materials with known dielectric constant. The experimental results and the extracted permittivity value of each material under test (MUT) are summarized in Table 3 . 
CONCLUSION
This paper presents a new symmetrical split ring resonator based metamaterials for dielectric sensing purposes. This sensor provides greater sensitivity by introducing a sharper and narrower bandwidth which contributes to a high Q-factor by comparing it to the conventional designs of SSRs. The obtained resonant frequency from the simulation is found in a very good agreement with the measurement result. The frequency is shifted to lower frequency accordingly while the value of the permittivity is increased. The shift is based on transmission coefficients S21 (dB) which is considered as a function of permittivity of MUT. Known permittivity of materials were used and tested in order to verify the sensor's sensitivity. It has been demonstrated through conducted experiment activities, that the proposed SSRR resonator is the promising candidates to be adopted as sensor in many sensing applications such as bio-sensing, food industry, quality control, agriculture, medicine and pharmaceutical industries.
